Abstract It has been known since the work of Katz and collaborators in the early 1950s that an increase in intracellular Ca ++ concentration ([Ca ++
Introduction
A view into the literature on neurosecretion and its regulation by various second messenger pathways reveals a multitude of potential mechanisms. It is firmly established that the immediate trigger for rapid electrically evoked neurotransmitter release is a localized increase in [Ca ++ ] into the range of tens of micromolars [8] [9] [10] . However, slow forms of release of neurotransmitters and hormones, which are elicited by modest long-lasting increases of [Ca ++ ], can be observed in many cellular systems. Very often, such secretory processes are modulated by other second messengers, such as cyclic AMP (cAMP) and G proteins, and it is often taken for granted that the same mechanisms underlie both the slow and rapid forms of secretion, even more so because rapid, electrically induced secretion is also regulated in many ways by signals other than [Ca ++ ]. In this short review, an attempt is made to clarify some of the ambiguities resulting from multiple roles of signaling molecules.
In both secretory systems, which we study in our laboratory, we find that not only the final step of triggered exocytosis is dependent on [Ca underlying mechanisms may be quite different. Before addressing these issues, a comparison between methods used to assay secretion in the two preparations is provided.
Methods for studying catecholamine release from adrenal chromaffin cells and glutamate release from the calyx of Held: a comparison
The method of choice for eliciting exocytosis in my laboratory is to increase [Ca ++ ] in a step-like fashion by flash photolysis of caged-Ca ++ [6, 7, 11] . Thereby, [Ca ++ ] is elevated uniformly in the whole cell or the whole nerve terminal. A Ca ++ indicator dye, which is infused into the cell together with the caged compound, provides for the measurement of [Ca ++ ] in a time-dependent manner. Thus, one can establish a quantitative relationship between the rates of secretion following the UV flash and the [Ca ++ ]. This approach isolates the Ca ++ -dependent process and thus reveals possible roles for second messengers in the modulation of this step because it bypasses any modulatory effects that act on electrical excitability and Ca ++ influx. In addition, we employ voltage clamp depolarization as a stimulus, which is more similar to physiological stimulation. However, the Ca ++ influx, through discrete channels, produces spatially inhomogeneous Ca ++ signals in the cytosol, and thus introduces additional complexity. Both types of stimulation are used in both cell types considered here. Most data from chromaffin cells were obtained with flash photolysis, whereas in many Calyx experiments, we use voltage-clamp depolarizations because this allows us to apply multiple stimuli at short intervals.
Secretion is assayed in the two systems in different ways:
1. In adrenal chromaffin cells we use both carbon fiber amperometry, which detects the released catecholamine electrochemically [12] , and the electrical membrane capacitance, which is proportional to surface area [13, 14] . Surface area increases when the vesicular membrane becomes part of the plasma membrane during exocytosis. Therefore, as long as exocytosis is fast relative to endocytosis and other forms of membrane retrieval, the capacitance increase is a measure of cumulative exocytosis (see Fig. 1 ). 2. In the calyx of Held, we measure the excitatory postsynaptic current (EPSC), which is elicited by presynaptically released glutamate. The calyx of Held offers the unique advantage of simultaneous voltage clamp in both the pre-and the postsynaptic compartments. We use the method of deconvolution analysis [15] to calculate release rates (in terms of vesicles released per millisecond) from the measured EPSC.
In both secretory systems, a so-called "exocytotic burst" can be observed upon sudden elevation of [Ca ++ ] to a sufficiently high level. The magnitude of this exocytotic burst is proportional to the number of release-competent vesicles. The duration of the burst represents the speed by which these vesicles release at the given Ca ++ concentration. Once release-competent vesicles have been consumed, exocytosis proceeds at a much slower pace, reflecting "upstream" slower steps of vesicle docking and priming. , the middle one the capacitance record, and the lower one the amperometric signal. Note discrete spikes in the latter, which represent exocytosis of single granules near the carbon fiber Vesicles, which reach release competence, then undergo exocytosis rapidly as long as [Ca ++ ] stays elevated following the flash-induced step-like [Ca ++ ] increase. This delayed response is called the "sustained phase of release". Thus, the observation of an exocytotic burst allows one to discern three mechanistic parameters: first, the amplitude of the burst, which is proportional to the number of releaseready vesicles (or the pool size) immediately before the stimulus; second, the duration of the burst phase, which is an indicator of the rate at which these vesicles are undergoing exocytosis; and third, the release rate during the sustained phase, which reflects vesicle priming.
Robust Ca
++ -triggering of release-ready vesicles
Although the details of Ca ++ -triggering are different between neuroendocrine secretion (in adrenal chromaffin cells) and at nerve terminals, the basic features are quite similar: In both cases, the basic release machinery is made up of similar molecules [16] . ] before a release-competent vesicle undergoes exocytosis. For the glutamatergic nerve terminal, the relationship is best fitted by a fourth-to fifth-power dependence, with a maximum rate about tenfold higher [8, 9, 17] .
In contrast to this extreme sensitivity towards changes in [Ca ++ ], the time course of release during the exocytotic burst is quite robust with respect to influences by other signaling pathways. In neither adrenal chromaffin cells nor nerve terminals is it strongly influenced by manipulations increasing or decreasing cAMP [18] or by manipulating the resting [Ca ++ ] before the stimulus [19, 20] . In chromaffin cells, altering the state of SNAP receptor (SNARE) protein phosphorylation or the level of PIP 2 does not influence the speed of release, neither do manipulations affecting G proteins (infusion of GTP-γ-S or guanosine diphosphate-β-S) in nerve terminals [5, 21] . Finally, putting the calyx synapse into a "facilitated" state does not change the Ca ++ sensitivity and intrinsic speed of glutamate release at the calyx of Held [20] .
Based on the above points, it appears that the Ca ++ -triggering step is relatively robust and not a major target of modulatory pathways, with the one exception of modulation via diacylglycerol [22] , (see also recent data on a highly Ca ++ -sensitive pool [23] and on mutations at "zipper" residues of the SNARE complex [24] ). Once the release machinery, consisting of SNARE complexes, calcium sensors (most likely synaptotagmins), and some more accessory proteins (e.g., complexins, Muncs, etc.), is assembled, the calcium concentration seems to be the dominant regulator of release. In contrast, the preceding steps of assembly of the release machinery, as well as the release machinery's localization at the active zone of a synapse, are highly modulated via multiple pathways (see below).
Release-competent vesicles are heterogeneous
Before switching to the topic of modulation, however, a complication should be addressed: Upon close inspection, the exocytotic burst following a rapid elevation in [Ca ++ ] during a caged-Ca ++ experiment in chromaffin cells shows two kinetically distinct components. This indicates that release-competent chromaffin granules can exist in two different states. One population releases about ten times slower than the other one and the slower variety seems to be a precursor of the faster one [25] . Therefore, the two burst components may represent different states of progression of the release machinery. Most of the regulatory steps in vesicle recruitment, to be described below, seem to be "upstream" of this maturation step in the sense that they influence the total amplitude of the exocytotic burst, but not the ratio between its components [6] .
When depolarizations are applied to an adrenal chromaffin cell, the ensuing Ca ++ influx releases a fraction of the vesicles more efficiently then the remainder. This subpool was called the "immediately releasing pool" [25] . It seems to represent those vesicles that both undergo intrinsically fast fusion and are located near Ca ++ channels. In other words, the intrinsically fast pool is subdivided as a consequence of differential coupling to Ca ++ influx. In the calyx of Held, Ca ++ influx reveals two secretory components of about equal amplitude but of different intrinsic speeds. However, in this preparation, the two components have, so far, mainly been characterized by means of long-duration electrical stimulation and not in caged Ca ++ experiments. Current investigations (see below) address the question of whether the two components reflect different intrinsic properties of the release apparatus (as is the case for the majority of our chromaffin cell experiments) or different locations of vesicles relative to nearby Ca ++ channels [26] . ] level, the size of the exocytotic burst is regulated by several other signals, such as the PIP 2 -level [31] , substances influencing protein kinase C-activity [32] , the expression level of munc-13 [33] , and manipulations influencing cAMP-levels [18] . In addition, we wanted to test whether phosphorylation of SNARE proteins is involved in the regulation of vesicle priming. Because phosphorylation reactions may occur at many proteins involved in the steps leading to secretion (such as vesicle transport, docking, and priming), we chose a method that would allow us to focus on phosphorylation at a specific site in a specific protein. The protein SNAP25 is part of the SNARE complex, which forms the core of the release machinery [34] . It has been shown to be phosphorylated in a cAMP-dependent manner at Thr 138 [35] . To test whether this phosphorylation regulates secretion in vivo, a mutant SNAP25, in which Thr 138 was either replaced by a phosphomimetic residue (glutamate) or by a nonphosphorylatable alanine, was overexpressed in adrenal chromaffin cells. Experiments in these cells showed that the phosphomimetic isoform left kinetics and amplitude of the secretion process unchanged, while the nonphosphorylatable form supported only a strongly reduced exocytotic burst, without changing the time course of the reduced release [18] . These results mirrored previous pharmacological experiments in the sense that decreased cAMP levels reduced catecholamine release, whereas manipulations, which increased cAMP levels (e.g., applying forskolin or adding cAMP), were without effect. Therefore, it seems that basal cAMP levels are high enough in our experimental conditions to secure the phosphorylated state, while reducing cAMP or cAMP-dependent phosphorylation decreases the number of release-competent vesicles.
Highly modulated vesicle priming in chromaffin cells
Kinetic analysis of the effect indicated that overexpression of the alanine mutant altered only the size of the exocytotic burst but not its time course. These data are best interpreted by assuming that the process of exocytosis is not influenced by the phosphorylation state of SNAP25, but that the phosphorylated form is able to form a more stable release machinery. Thus, the phosphorylated SNAP25 would be able to support a larger pool of release-competent vesicles. This type of regulation of vesicle pool size by cAMP seems to be quite similar in the case of insulinreleasing beta cells of the pancreas [36] . However, in the beta-cell preparation, strong phosphatases shift the equilibrium towards the nonphosphorylated form. Therefore, cAMP has to be elevated to produce a large standing pool.
Two vesicle pools and their modulation at the calyx of Held
A long-lasting (50 ms) depolarization to about −10 mV, applied to the calyx of Held, elicits an inward Ca ++ current of about −1 to −2 nA, exhibiting little or no inactivation during the duration of the stimulus. The exocytotic burst phase, elicited by such a depolarization, has many features in common with flash responses in chromaffin cells, e.g., two distinct kinetic phases. Nevertheless, it turns out that the causes for kinetic heterogeneity among vesicles may not be the same. Likewise, the mechanisms of regulation of vesicle recruitment after a depleting pulse are quite different (see below). In adrenal chromaffin cells, modulators alter the size of the release-ready vesicle pools (i.e., the number of vesicles), while at the calyx of Held the sizes of the two pools are relatively constant for a given terminal. It is, rather, the rate of recovery that was found to be modulated in most of our experiments. A possible reason for this difference may reside in the fact that nerve terminals have very specialized active zones with well-defined binding sites for vesicles [37, 38] , whereas adrenaline release from chromaffin cells can occur throughout the cell surface. Active zones may change in shape and number over a long time scale [39] , but within the short time span of our experiments the number of specialized docking sites for vesicles are expected to be relatively constant. The existence of specialized active zones with high Ca ++ channel density, combined with the morphological finding that vesicles also dock at some distance from them, may be a reason for kinetic heterogeneity in the depolarization experiments, which is not relevant in our caged Ca ++ experiments on adrenal chromaffin cells. Thus, the finding that both cell types display kinetically distinct vesicle populations may be coincidental.
When the nerve terminal is depolarized to elicit maximal [Ca ++ ] influx, on average, six vesicles are released per active zone (or 3,000 in total) before the synapse is exhausted (see Fig. 2 ). Three of these vesicles release rapidly with a time constant of about 3 ms, and the remaining three release reluctantly-about tenfold slower. Following such a strong stimulus, the reluctantly releasing vesicles are regenerated very rapidly, whereas rapidly releasing vesicles become available again only after several seconds [26, 40] . Absolute numbers of such vesicles are quite variable among different cells. However, at a given synapse the two varieties are always roughly equal in number and pool sizes are not modulated in any major way. The only agent so far known to moderately shift the relative proportion in favor of the rapidly releasing component is cAMP [41] . However, this second messenger has another modulatory action that becomes apparent after both pools have been depleted by a strong stimulus: The rate of recruitment of new vesicles to the rapidly releasing pool is enhanced when cAMP is present at a sufficient level [5] and [Ca ++ ] is elevated at the same time. This enhancement by [Ca ++ ] has been described before in several types of synapses, including the calyx [40, 42] . Our experiments showed that it could be prevented when cAMP was lowered by various means. Moreover, this effect was not mediated by A-kinase and phosphorylation, but rather through a cAMP target similar to EPAC (a cAMP-dependent nucleotide exchange factor) [5] .
Most of the modulatory actions on the recruitment of vesicles to the rapidly releasing pool described so far alter the speed of vesicle recruitment, not pool sizes. All manipulations regarding basal [Ca ++ ] and cAMP levels influence the rapidly releasing pool; none act on reluctantly releasing vesicles. Nevertheless, such modulation should be of major importance for the regulation of synaptic strength and short-term depression. It was recently shown that neurotransmitter release evoked by action potentials relies mainly on the rapidly releasing vesicles-those that are subject to modulation [43] . Furthermore, an understanding of why some vesicles are "reluctant" and others not so may be key to a number of other mechanistic issues. In principle, the two types of vesicle may differ in the intrinsic properties of their release apparatus or may occupy different locations relative to nearby Ca ++ channels, as discussed above. In the latter scenario, vesicles would "see" different [Ca ++ ] signals when Ca ++ channels open briefly during electrical stimulation. They would release at different rates, although they might be intrinsically very similar.
Caged Ca ++ experiments should allow one to distinguish whether the vesicle population is intrinsically heterogeneous or whether differential rates of release are caused by differential coupling to Ca ++ channels. Such experiments have been performed and, indeed, show intrinsic heterogeneity among vesicles (Woelfel et al. 2003, Neurosc. Abstract). However, recent experiments utilizing neurotoxins to dissect steps in the secretion path provided evidence that differential coupling to channels may play an important physiological role [44] . In this study it was shown that the light chains of tetanus toxin (TeNT) and botulinum neurotoxin type C1 (BoNT/C1) blocked transmission completely when infused into the presynaptic terminal and when enough time for toxin action was allowed. Also, both toxins acted in an all-or-nothing fashion when release was elicited by photolysis of caged Ca ++ . More specifically, shortly after exposure, when toxin had affected only a fraction of vesicles, the release kinetics of remaining vesicles were hardly altered. For flashes to relatively high [Ca ++ ] levels (reflecting levels reached during action potential stimulation), the response could be described by a single exponential in most cases, without any apparent difference between the two toxins. However, when release was tested by depolarization, it was observed that TeNT preferentially blocked the rapidly releasing component, while BoNT/C1 blocked both components alike. Because the caged Ca ++ experiment excluded intrinsic differences between vesicles as the cause for such Fig. 2 A hypothesis about positional heterogeneity of vesicles at the Calyx of Held. Three rapidly releasing vesicles docked at the active zone and 3 randomly placed reluctantly releasing vesicles are shown. Ca ++ -channels are present at high density at the active zone and sparsely in its surrounding, such that the 'reluctant' vesicles are less tightly coupled to the Ca ++ -influx. Reluctant vesicles are recruited very rapidly and may undergo rapid docking-undocking like 'newcomers', observed in total internal reflection microscopy (TIRF, [45] ). Rapidly releasing vesicles first dock at the membrane, and then -in a slower process -attach to active zone components, which brings them closer to Ca ++ channels. This interaction need not be a direct binding of SNARE complexes to Ca ++ channels, but may be mediated by interactions between components of the release machinery (i.e. SNARES, Munc13) and active zone proteins, such a Rim. After treatment with TeNT the sites of such interactions might be blocked by vesicles with cleaved synaptobrevin differential action, an explanation may well be provided by differential coupling between vesicles and Ca ++ channels. It was suggested [44] that vesicles with toxin-compromised SNARE complexes would occupy specific sites near Ca ++ channels at active zones and thereby prevent the docking of intact vesicles at these sites. While intact vesicles docking at alternative sites would still be releasable at full speed by a caged-Ca ++ flash, they would no longer qualify as rapidly releasing ones in the depolarization experiment because their average distances to Ca ++ channels should be larger (see Fig. 2 ).
Summary and perspective
The release of neurotransmitters and hormones is regulated by a variety of intracellular signal pathways. Common to both types of release is a rapid Ca ++ -dependent triggering mechanism, which is relatively robust towards influences by modulators. Modulation of the release process occurs largely by adjusting the number of release-competent vesicles or the speed by which new vesicles become release-competent. In the case of adrenaline release, the basal [Ca ++ ] level, PIP 2 , and the state of phosphorylation of SNAP25 are important modulators of a dynamically regulated pool size. Regulation of glutamate release from nerve terminals shares the same signaling pathways. However, for nerve terminals, the regulation mainly relates to the speed of resupply of releasable vesicles following their depletion by exocytosis, while their steady state numbers seem to be relatively constant and determined by a fixed number of docking sites at the active zone.
How can the two schemes be merged? A solution may be offered by total internal reflection microscopy. Zenisek, Steyer, and Almers [45] used this technique to observe individual fluorescently labeled synaptic vesicles as they approach the membrane and either become docked and fuse or disappear again after a short while. They distinguished between "residents" and "newcomers". The former were vesicles with long residence times, which were only observed at a few specific docking sites. The newcomers also docked at other locations. However, upon stimulation, they fused only after longer delays while residents fused more rapidly. Remarkably, residence times of newcomers were quite short in the absence of stimulation-on the order of a few seconds. The short residence times indicate that the docked, fusion-competent state is readily reversible.
Many of the features observed at the calyx of Held can be well explained assuming that the rapidly releasing vesicles, which mediate most of the evoked release, are "residents" in the sense of Zenisek et al. [45] (see Fig. 2 ). Their steadystate number at rest is limited by a finite number of docking sites at active zones. The recruitment process to these sites changes in speed, not in extent, upon modulatory actions. The "reluctant" vesicles at the calyx of Held would be "newcomers," docking at less favored sites (at greater distances from active zone components and Ca ++ channels) much more rapidly and more transiently. Chromaffin granules would all qualify as "newcomers" in this scheme (except for the so-called immediately releasable pool; see above). Because they do not dock at special sites, the number of docked granules is regulated in a dynamic way by the balance of recruitment and detachment. The processes influencing vesicle pool size in chromaffin cells may then be similar to those controlling the pool size of reluctant vesicles, although on a much slower time course. Priming and depriming of chromaffin granules happens on a timescale of 10 s, while the time scale for recovery of the reluctant pool of calyx vesicles is 200 ms.
Two intriguing questions emerge from such a scheme ( Fig. 2 ):
1. Are reluctant vesicles heterogeneous in their intrinsic fusion kinetics, as is the case in chromaffin cells? This is difficult to answer with depolarization experiments because varying distances to the nearest Ca ++ channels will render them kinetically heterogeneous and compromise the measure of their intrinsic rate of fusion [46] . The rapidly releasing vesicle pool, on the other hand, seems to be more homogeneous, possibly by stabilization through interactions with active zone components. 2. Are reluctant vesicles (newcomers) "precursors" of the rapidly releasing vesicles at the calyx of Held? In other words: do they become residents by laterally moving towards the active zone and docking at special sites (as illustrated in Fig. 2) ? To test such a scheme one would have to manipulate the number of available visitors and test for concurrent changes in the recruitment of residents. Such an experiment has been done [47] and, indeed, showed that disruption of the cytoskeleton by latrunculin slows down the recruitment of reluctant vesicles and at the same time delays the recovery of rapidly releasing vesicles.
It is not known at present whether reluctant vesicles are indeed "visitors" and rapidly releasing ones are "residents". Neither can it be excluded that the disruption of the cytoskeleton acts in parallel to influence the recruitment of the two separate populations of vesicles. However, if the mechanisms proposed in Fig. 2 were applicable, the meaning of the terms "recruitment of vesicles" or "recovery from short-term depression" at glutamatergic synapses would have to be reinterpreted. Because the relevant vesicles for evoked release are rapidly releasing [43] , the rate-limiting step for their recruitment would not be the docking of vesicles and the accumulation of mature SNARE complexes, but rather a lateral structural rear-rangement near the active zone. Modulatory influences by [Ca ++ ], cAMP, and/or other signaling pathways on this process might then relate much more to active zone organization than to vesicle priming. In this sense, shortterm modulation at the presynaptic side may be quite similar to that at the postsynapse, where dynamic reorganization of the components of the postsynaptic density has emerged as a dominating theme in the regulation of synaptic plasticity [48, 49] .
Above all, it should be emphasized that an additional and completely separate complement of regulatory mechanisms influences the ion channels at the synapse, which control the time course of the presynaptic action potentials, as well as the resulting Ca ++ influx.
